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EXECUTIVE SUMMARY

Numerical simulation and experiments on the toughness and fatigue crack growth resistance of MEMS
relevant thin film structures are reported. Structures consisting of metal films (aluminum, 0.1 to 2.0 pm
thickness) confined between elastic substrates (semiconductor wafers) are considered. The study is
concerned with the influence of the thickness of the metal film on the fatigue failure response. Numerical
simulations of fatigue crack growth are conducted by use of cohesive zone models. Both, a damage
mechanics based model as well as a model based on dislocation mechanics are employed. To enable these
computations, a strain gradient plasticity model is developed. It is demonstrated that cohesive zone
models of fatigue enable to analysis of fatigue failure in cases where the Paris Law is no longer
applicable. The influence of geometric constraint (thin film confinement, presence of interfaces),
mechanical constraint (T-stress), size, and strain gradients on fatigue crack growth are demonstrated.
Numerical studies predict that increased constraint and smaller size will accelerate fatigue failure due to
changes in plastic deformation. Strain gradients significantly affect the process. Measurements of
toughness and fatigue crack growth resistance for the model material system are reported. New test
protocols for the commonly used 4 point bend delamination test are developed such that both cracks can
be propagated and the number of test data obtained is doubled. The novel approach is also essential for
fatigue crack growth. While crack growth resistance was rather independent of the thickness of and
fatigue crack growth rates were found to be dependent of film thickness. The dependence of the failure
behavior on film thickness arises primarily due to enhanced crack path deflection for decreasing film
thickness. Material separation in fracture and fatigue is characterized through a cohesive zone law. The
model captures the Paris-law type response obtained in experiments, and also predicts that for thinner
films the tendency to crack. Damage tolerant design requires accurate data on residual strength and
fatigue crack growth resistance. Both quantities, however, depend on constraint and size of the structure
considered. While this has been accounted for in residual strength analysis in the past, the present work
provides enabling technologies to solve this problem for fatigue. With the conventional approach to
fatigue crack growth, the transferability of data from lab to field, or between specimens and structures is
not ensured. Thus, coefficients in the Paris law need to be determined experimentally for each level of
constraint or each size of interest. It is, however, not ensured that even a large set of experiments will be
able to capture all possible load scenarios. The cohesive zone model approach is provided here as
alternative. Once cohesive zone parameters are determined, the dependence of fatigue crack growth on
constraint and size emerges as the natural outcome of the analysis without the need to further model

modifications.




PUBLICATIONS

Refereed Journal Publications

1.

B. Wang, T. Siegmund, “Size effects in fatigue crack growth,” Modeling and Simulation
in Material Science and Engineering, 14 (2006) 775-787.

S. Brinckmann, T. Siegmund, Y. Huang, “A dislocation mechanics based strain gradient
plasticity model,” International Journal of Plasticity, 22 (2006) 1586-1609.

B. Wang, T. Siegmund, “Simulation of fatigue crack growth at plastically mismatched bi-
material interfaces®, International Journal of Plasticity, 22 (2006) 1586-1609.

B. Wang, T. Siegmund, “Numerical simulation of constraint effects in fatigue crack
growth,” International Journal of Fatigue, 27 (2005) 1328-1334.

B. Wang, T. Siegmund, “A numerical analysis of constraint effects in fatigue crack
growth by use of an irreversible cohesive zone model,” International Journal of Fracture,
132 (2005) 175-196.

T. Siegmund, “A numerical study of transient fatigue crack growth by use of an

irreversible cohesive zone model,” International Journal of Fatigue, 26 (2004) 929-939.

Refereed Journal Publications in Progress

1.

S. Brinckmann, T. Siegmund, “On the influence of strain gradients on fatigue crack
propagation predictions,” International Journal of Solids and Structures, submitted.

S. Brinckmann, T. Siegmund, A cohesive surface model based on the stress caused by
dislocations, to be submitted.

B. Wang, T. Siegmund, “An enhanced four point bend delamination test,“
Microelectronics Reliability, to be submitted.

B. Wang, S, Brinckmann, T. Siegmund, “Experiments and Numerical Simulation of
Fracture and Fatigue in Multilayer Thin Film Structures,” Engineering Fracture

Mechanics, to be submitted.




Conference Publications and Presentations

1.

S. Brinckmann, T. Siegmund, “Fatigue crack growth simulations with length scale
dependent material laws “ Proceedings of the 2006 International Fatigue Congress,
Johnson S, Newman J., Jr, Saxena, A., eds, Atlanta, GA, May, 2006.

S. Brinckmann, T. Siegmund, “Damage evolution in cohesive surfaces based on the
dislocation accumulation in the surrounding material,” 2006 World Congress on
Computational Mechanics, Los Angeles, CA, July, 2006.

J. Han, T. Siegmund, “Computational theory of delamination wear,” Proceedings of the
2006 International Fatigue Congress, Johnson S, Newman J., Jr, Saxena, A., eds, Atlanta,
GA, May, 2006.

T. Siegmund, “Modeling fatigue crack growth with irreversible cohesive zone models,”
The 43rd Annual Technical Meeting of the Society of Engineering Science August 13-16,
2006 University Park Pennsylvania.

S. Brinckmann, T. Siegmund, “Fatigue crack growth in metals: a strain gradient
simulation,” Proceedings of the 2006 International Mechanical Engineering Congress and
Exposition, The American Society of Mechanical Engineers, Chicago, IL, IMECE2006-
13678.

B. Wang, T. Siegmund ‘“Numerical simulations of constraint and size effects in fatigue
crack growth, “ Proceedings of the 11" International Congress on Fracture (ICF 11),
Turin, Italy, A. Carpinteri Ed., (2005), Paper No: 3975.

S. Brinckmann, T. Siegmund, “Modeling fatigue crack growth with ABAQUS,” 2005
ABAQUS Fracture Review Team Meeting, Providence, RI, (2005).

S. Brinckmann, T. Siegmund, “Modeling fatigue crack growth with ABAQUS,” 2005
ABAQUS Midwest User Group Meeting, West Lafayette, IN, (2005).

B. Wang, T. Siegmund ,”Simulation of fatigue crack growth at bi-material interfaces,”
Proceedings of the 2004 IMECE, ASME, Los Angeles, CA, CD-proceedings, (2004)
Paper No: IMECE2004-60956.

10. B. Wang, T. Siegmund, ‘“Numerical simulation of constraint effects in fatigue crack

growth,” International Conference on Fatigue Damage of Structural Materials V, Sept.

19-24, 2004, Hyannis, MA, USA.




1. INTRODUCTION

Under the cyclic loading and small-scale yielding condition, the Paris equation
based on the theory of Linear Elastic Fracture Mechanics (LEFM) is commonly used to
describe Fatigue Crack Growth (FCG). The Paris law provides the relationship between
the applied stress intensity factor range, AK =K __ — K. , and FCG rate, da/dN (Paris et

al.,, 1961) as:

da m

i C(AK) , (1.1
The parameters Cand m are obtained by fitting the experimental data of regime B of
FCG data as schematically depicted in Figure 1.1. The Paris law assumes that FCG is
independent of planar specimen geometry such that exchange and comparison of data
obtained from a variety of specimen configurations and loading conditions should be
possible. This feature allows the transferability of FCG data from one specimen
dimension to another and is based on the concept of similitude implying that cracks of
different lengths subjected to the same nominal AK will advance by equal increments of
crack extension per cycle. However, there are situations where the concept of similitude
is violated. When FCG at small scales is considered the validity of equation (1.1) is lost
since the monotonic and cyclic plastic zones interact with geometric features. Consider a
geometry with an elastic plastic layer sandwiched between two elastic substrates. Then,

under monotonic loading, the plastic zone size at the crack tip based on Irwin’s

estimation for plain strain provides one reference length

1 K i 1 EG
rp1 “"3_;(0__)'] = 372’(1—1/2) (0_ )z (12)
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Here, the relationship between the stress intensity factor K and strain energy release
2
rateG i1s K =[EG/ (1—1/2 )] , and Eand v are the elastic constants, and o, the yield

strength of metal thin film. In the case of cyclic loading, the cyclic plastic zone size Ar,,

can be used as the second reference length. Based on the analysis of Rice (1967), the
cyclic plastic zone develops upon unloading and reloading. The solution for the size of

the cyclic plastic zone is obtained by replacing Kor G by AKor AGand o, by 20, in

equation (1.2) as

(kY. 1 E(aG)
P 3y (2ayJ - 37(1-v?) (2Gy)’ (13)

For example, an aluminum thin film of 1pm sandwiched between two elastic substrates is
considered here. For such thin aluminum films, the room temperature yield strength is in
the range of 75 to 200MPa, and the elastic constants are E=70GPa and v=0.3. Figure
1.2 indicates that both monotonic and cyclic plastic zone sizes can be the same magnitude
as or larger than the thickness of the aluminum film. Thus, the plastic deformation at the
crack tip can not be freely developed due to the considerable constraint effects. It is the
hypothesis of the present work that in cases of confinement of plastic zones, the FCG rate
is changed, and that then the Paris law and its transferability is no longer valid. the
constants Cand m as determined on one specimen geometry can be no longer used to
predict FCG rates in other specimen with different dimensions. We further hypotheses
that a cohesive zone model approach can be used to overcome this problem and can
provide transferable solutions to FCG regardless of constraint and size. We further aim to
verify such theoretical assumptions through experiments on a relavant model material
system. in
Considering the limitation of the Paris equation, several alternative methods have
been proposed to describe FCG, including
1) The cyclic J-integral: Dowling and Begley (1976) and Dowling (1977) used the
cyclic J -integral, AJ , to characterize the FCG under elastic-plastic conditions by

a similar power law as equation (1.1). This method is, however, not applicable




2)

3)

4)

5)

under non-proportional and reverse loading conditions since the material
descriptions based on the deformation theory of plasticity do not hold. Moreover,
J-integral was questioned even when it was used to characterize the crack growth
resistance under monotonic loading (Siegmund & Brocks, 2000).

Another alternative approach for characterizing FCG under elastic-plastic
conditions is based on the geometric correlations between the critical cyclic crack

tip opening displacement, ACTOD, and crack extension, Aa(Laird, 1967;

Pelloux, 1970; Neumann, 1974). Considering FCG at small scales, the application

of this approach will fail since the ACTOD, is not a material parameter and will

depend on the mechanical constraint due to the metal thin film, the stiffness
mismatch across the interface or mod mixty.

Based on the concept of cumulative damage at the crack tip, the process zone
models use a volume element at the crack tip which endures constant cyclic strain
amplitude until a critical damage state is reached, then the crack advances. The
limitation for this approach is to assume the validity of the Manson-Coffin law
and Miner’s linear damage rule and the process zone equals the cyclic plastic
zone (Davidson and Lankford, 1992). Also it is difficult to use this approach for
the FCG along interfaces.

Node release techniques in the context of the Finite Element Method (FEM) were
also used to study the FCG under cyclic loading by providing more detailed
information of the continuum deformation at the crack tip. The problems such as
crack closure and crack surface friction were investigated using FEM (Newman,
1981; Fleck, 1986; Sehitoglu, et al., 1996; Wu and Ellyin, 1996). Node release
models still assume an infinite strength, and do not contain any arguments
regarding the energy required to form new surface.

Several investigators (see e.g. Pippan and Riemelmoser (1998)) applied the
Dugdale model to calculate plastic zone sizes and crack tip opening
displacements. Based on these results FCG rates were then related to the cyclic
crack tip opening displacements. While this method was quite successful, the

Dugdale model requires several restrictive assumptions regarding the shape and




stress distribution in the plastic zone. It also lumps bulk yielding and material

separation processes into a single process zone.

To overcome the limitations and disadvantages of the LFEM based Paris equation
and the limitations of the above listed alternative approaches for the characterization of
FCG, the Cohesive Zone Model (CZM) was employed. The basic concept of CZM was
proposed by Barenblatt (1962). In a CZM the material separation process is described by
a softening constitutive equation connecting the crack surface tractions and material
separation across the crack. Thus, in the CZM the softening traction-separation law
removes the complexity of stress singularity at the crack tip. The material separation
process can be viewed as a result of progressive material deterioration in the cohesive
zone and the interaction with the surrounding continuum. Two cohesive constitutive
parameters, cohesive strength and cohesive energy per unit area, are used to describe the
underlying material separation process. Another advantage of CZM is a broad range of
different physical processes of material separation can be incorporated within a single
numerical method. Moreover, the CZM can be easily employed in the numerical analysis
through FEM. To use the CZM approach in FEM, the cohesive elements surrounded by
continuum elements were implemented to introduce the cohesive surface for the material
model investigated. Since the CZM approach has many advantages to characterize the
physical material separation processes, it has been widely applied to a number of studies
on fracture and crack propagation under monotonic or dynamic loading conditions in
homogeneous materials, in composites and at interfaces (e.g., Camacho and Ortiz, 1996;
Carranza and Haber, 1998; Chaboche et al., 1997; Chandra et al., 2002; Geubelle and
Baylor, 1998; Hattiangadi and Siegmund, 2004; Hutchinson and Evans, 2000; Lane et al.,
2000a; Li and Chandra, 2003; Li and Siegmund, 2002, 2004; Lin et al., 1997;
Mohammed and Liechti, 2000; Needleman, 1987, 1990a, 1990b, 1997, 2000; Siegmund
and Needleman, 1997; Siegmund et al., 1997; Suo and Hutchinson, 1990; Tvergaard,
1990, 1997; Tvergaard and Hutchinson 1992, 1994, 1996a, 1996b; Varias et al., 1990;
Wei and Hutchinson, 1997, 1999; Xu and Needleman, 1994, 1996a, 1996b; Yang et al.,
2001; Zhang et al., 2002).




Recently, several attempts to establish the CZM approach to fatigue have been
reported. For example, Foulk et al. (1998) simulated the interface failure under cyclic
loading by adding an unloading condition to a softening CZM. Unloading and subsequent
reloading follow the same path, and consequently the traction-separation behavior
stabilizes without further progress in material separation. de-Andrés et al. (1999) also
developed the CZM model by adding an unloading condition and a cycle dependent
damage variable. This model was successful to predict FCG under large scale yielding
conditions but would shake down for small scale yielding or elastic deformation. Nguyen
et al. (2001) investigated FCG rates under constant amplitude loading as well as
overloads by using a CZM based on irreversible unload-load relations. There, the
introduction of unloading-reloading hysteresis in the cohesive law avoids shakedown and
allows for steady crack growth. Similarly, Yang et al. (2001) developed a FCG model
based on a modified line spring model including the damage evolution for a brittle
polymer in combination with the maximum principal stress criterion for crack advance.
Yang et al. (2004) developed a fatigue CZM which can incorporate the damage into the
cohesive law to account for the gradual loss of stiffness and strength of solder materials
under cyclic loading. The damage evolution law was assumed to be a function of
accumulated plastic strain. Maiti and Geubelle (2005) proposed a cohesive failure model
to simulate fatigue crack propagation in polymeric materials subjected to mode I cyclic
loading. The fatigue evolution law has been combined into the cohesive zone model and
defined to describe the irreversible degradation process during each reloading cycle.
Although the CZM approach has been used to study the constraint effects in the multi-
layer structures (e.g., Tvergaard and Hutchinson, 1994; Lin et al., 1997; Lane et al.,
2000a), these studies were limited to fracture problems under the monotonic loading, and
FCG problems and constraint were not considered..

In this work the irreversible cohesive zone model originally proposed by Roe and
Siegmund (2001, 2003) and Siegmund (2004) is used. This model has successfully been
used by these authors to simulate FCG in elastic material systems based on an irreversible
cohesive zone law which includes a cyclic damage evolution rule for the cohesive

strength. The cohesive zone parameters will depend on the accumulated damage by
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introduce a cyclic damage variable into the traction-separation law. This model can be
used to simulate the crack nucleation and subsequent fatigue crack propagation under
cyclic loads since it allows computations of the failure behavior simultaneously account
for sub-critical damage accumulation. Especially, this approach allows one to capture
constraint effects in fatigue because energy dissipation due to cyclic material separation
at the crack tip and due to the cyclic plastic deformation in the ductile layer is accounted
for independently. Subsequently, we develop a novel cohesive zone model in which
material separation cyclic

The work described in this report can be divided into two parts, numerical
simulation and experimental studies. Numerical simulations were conducted to study
complex fatigue problems as they relate to MEMS and integrated circuit multi-layer
structures. Specifically, following studies were performed: First we analyze constraint
effects in FCG (Wang and Siegmund, 2005a,b) as they relate to in-plane geometry and
T-stresses, then consider FCG at interfaces between two mismatched elastic-plastic solids
(see Wang and Siegmund, 2006a). Subsequently, we investigate structural size effects in
FCG (Wang and Siegmund, 2006b), and finally investigate the effects of strain gradients
in plasticity in their influence on FCG. Also, a novel CZM for FCG simulations is
presented. The experimental work includes the development of a modified 4-point bend
delamination test methodology, fracture toughness test and fatigue crack growth test on
MEMS relevant test structures.

The novel analysis methods will especially benefit the development of reliable
microdevices. Micro-Electro-Mechanical Systems (MEMS) and microelectronic devices
containing multi-layer structures are” widely used in recent applications of modern
technologies such as inertial sensing, signal conditioning, switching and biomedicine. To
advance promising MEMS devices into field applications and to increase the yield and
reliability of integrated circuit interconnect structures, systematic studies of failure
mechanism are needed. The multi-layer structures of interest here correspond to
configurations where a metal film is sandwiched between two elastic substrates, see e.g.
the “bonding rim” of the MEMS device shown in Fig. 1.3. As the device length scales

and associated film thickness decrease, the crack growth behavior under monotonic and

11



cyclic loading becomes more complex. Specifically, as the characteristic dimensions of
stress and strain fields become of size similar to the thickness of the thin film, the
processes at the crack tip start to be influenced by the interaction with the surrounding
elastic substrates and, consequently, it is to be expected that fatigue crack growth (FCG)

rates are influenced by the constraint and size effects.
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